Since the first *N*-heteroacene was synthesized in the 1960s,^[@ref1],[@ref2]^ they have attracted much attention for their outstanding electronic properties and application in organic electronic devices, such as OFETs, OPVs, OLEDs, sensors and as anion radicals.^[@ref3]−[@ref15]^ Longer and larger *N*-heteroacenes are holy grails to the community of organic electronics and organic chemistry due to their importance for theories and experiments. Therefore, a lot of efforts have been contributed in pursuing such extended and fused heteroaromatics.^[@ref3],[@ref4],[@ref11],[@ref12],[@ref14]^ While *N*-heteroacenes up to seven annulated rings can be approached,^[@ref16]^ longer ones usually undergo the Diels--Alder type dimerization during preparation, partially caused by oxidative radical formation.^[@ref17]−[@ref20]^ In addition, the poor solubility of long *N*-heteroacenes from strong π--π stacking also blocks their further extension. The insertion of pyrene units into the *N*-heteroacenes is an effective way to further extend the length of *N*-heteroacenes, and usually the obtained long and large *N*-heteroacenes are named pyrene-fused *N*-heteroacenes.^[@ref7],[@ref11],[@ref21]−[@ref25]^ We reported pyrene-fused *N*-heteroacenes up to 18 rings terminated by thiadiazoloquinoxaline (TQ) units stabilizing it structurally with pyrene contributing to stabilizing the structure and TQ as ending groups to ensure low LUMO energy levels.^[@ref25]^ More interestingly, nanoribbon-like layered structures by the adjacent thiadiazole units were observed in the crystals which enhances the charge transport.^[@ref25]−[@ref28]^ Well soluble pyrene-fused heteroacenes up to 30 rings with a size up to 7.7 nm were reported, too, using triisobutylsilyl (TIBS) to replace triisopropylsilyl (TIPS) in the side chain and large ketal as terminal units, which block the condense packing and thus result in poor charge transport.^[@ref29]^ Above all, new ways for further extending the length of pyrene-fused *N*-heteroacenes are crucially needed.

The integration of 2D building blocks, such as nanographenes and graphene sheets, into 3D hierarchical architectures is an effective way to extend the size and avoid aggregation of 2D structures.^[@ref30]−[@ref33]^ This has attracted much attention in view of nanomaterials and their exploration of advanced properties of individual 2D nanoscale structures for practical applications in energy storage and conversion, environmental remediation and catalysis.^[@ref30]−[@ref33]^ In addition, the newly produced 3D structures are able to avoid the irreversible aggregation resulting from the individual 2D nano building blocks and their restacking due to the strong π--π stacking and van der Waals forces between the planar planes of 2D sheets which lead to the loss of the large surface area, thus limiting the potential application of the 2D materials.^[@ref34]−[@ref36]^ Therefore, learning how to construct 3D nanostructures to further extend the size of pyrene-fused *N*-heteroacenes can be very advantageous.

Herein, we report three-dimensionally extended N-doped pyrene-fused heteroacenes (**P1**--**P4**) obtained by organic synthesis. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the 3D pyrene-fused heteroacenes with triptycene core with three wings, which has a length of ∼1.7 nm, are based on our previous TQ containing pyrene-fused *N*-heteroacene unit.^[@ref25]^ The average diameters of the 3D pyrene-fused heteroacenes are 3.66, 6.06, 8.48 and 10.88 nm for **P1**--**P4**, respectively. It should be noted that **P4** is the largest pyrene-fused *N*-heteroacene reported to date.^[@ref25],[@ref29],[@ref37]−[@ref41]^ These 3D pyrene-fused *N*-heteroacenes show good solubility and overcome the aggregation by the three-dimensional structure. The good solubility enables the full characterization of these 3D pyrene-fused heteroacenes by ^1^H and ^13^C NMR spectroscopy, high-resolution mass spectrometry, absorption and photoluminescence spectroscopy, and cyclic voltammetry. Our exploration on 3D pyrene-fused *N*-heteroacenes supplies a new perspective to large 3D molecules for electronic, optoelectronic and energy storage and conversion devices.
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As shown in [Scheme S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf), the intermediate **A** is synthesized by the condensation of *tert*-butyl pyrene tetraketone (**S1**)^[@ref24],[@ref25],[@ref42]^ with TIPS acetylene benzothiadiazole diamine (**S2**)^[@ref27]^ in CHCl~3~/HOAc. The intermediate **A** can be readily soluble in dichloromethane, CHCl~3~, tetrahydrofuran, etc., so it can be characterized by the ^1^H and ^13^C NMR spectra ([Figures S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)). The synthesis of 3D pyrene-fused *N*-heteroacenes (**P1**--**P4**) is depicted in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. **P1** was synthesized by the condensation of the intermediate **A** and hexamine triptycene hydrochloride salt **B** refluxing in the mixed solvents (cholorobenzene/acetic acid) and KOAc. An iterative way is employed to further increase the length of nanoribbons to **P2**--**P4**, where the thiadiazole units are reduced by large excess of LiAlH~4~ (60 equiv for **P1**, 300 equiv for **P2** and 450 equiv for **P3**) in THF to diamines, and then the obtained diamines are condensed with **A** to produce **P2**-**P4**. Compared to their linear counterparts (18 rings can only be soluble in hot *o*-dichlorobenzene),^[@ref25]^**P1**--**P4** (**P4** with 22 rings) show good solubility in dichloromethane, THF, chlorobenzene and tetrachloroethane, but the solubility is decreased from **P1** to **P4**. Therefore, **P1**--**P3** can be characterized by ^1^H, ^13^C and 2D (HSQC, NOESY) NMR (**P1** in CD~2~Cl~2~, **P2** in THF-*d*~8~ at room temperature, **P3** at 120 °C and **P4** at 140 °C in C~2~D~2~Cl~4~ ([Figures S3--S17](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)). 35 mg of **P3** (1125 atoms, 55 carbons with different chemical shifts) in 0.5 mL C~2~D~2~Cl~4~ and more than 50 000 scans were used to gain resolved ^13^C NMR spectrum at 140 °C. However, no ^13^C NMR with high enough intensity was obtained due to too many atoms in **P4** (1501 atoms, 69 carbons with different chemical shifts predicted theoretically), whereas the NOESY indicted a clear structure of **P4** ([Figures S18 and S19](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)). In addition, the HRMS ([Figures S20--S24](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)), GPC ([Figure S25](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)) and elemental analysis results also confirm the pure and exact target structures we obtained for **P1**--**P4**.

![Synthesis of **P1**--**P4**](ja-2019-01082z_0003){#sch1}

Much effort was invested to grow crystals of **P1**--**P4** in different solvents under various conditions; however, no crystal with high enough quality for single-crystal X-ray diffraction analysis was obtained. Thus, computational simulation was employed to investigate the geometry, molecular orbitals, optical and electronic properties of **P1**--**P4**. DFT calculations were used, namely B3LYP/6-31G in vacuum and B3LYP/6-31G(d) in implicit THF solvent.^[@ref43]^ There are too many atoms in the side chains, which should not markedly affect the geometry of the π-conjugated system and, hence, the molecular orbitals and optical and electronic properties of **P1**--**P4**. Since those atoms will consume too much computational resource, all the side chains were omitted to simplify the calculations. As shown in [Figures S26--S29](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf), rigid and conjugated backbones are observed in **P1**; however, the backbone becomes more and more flexible as the arm length increased in **P2**--**P4**, which means all the atoms of the backbone of each arm are not necessarily in the same plane but a little bit bent and twisted, such that each arm is not a pure 2D structures but has 2.5D character. This feature is preserved both in vacuum and in THF. Such an effect was also observed in extended graphene sheets.^[@ref44]^ Because of this flexibility, the three arms are not distributed equally in space but, nevertheless, have similar length with a radius of 1.83, 3.03, 4.24 and 5.44 nm, providing averaged wingspans of 3.16 ± 0.05 nm, 5.16 ± 0.02 nm, 7.34 ± 0.15 nm and 9.41 ± 0.35 nm for **P1**--**P4**, respectively. According to the calculations, the twist of the arms also impedes the packing of the molecules, which explains the poor crystallinity of these molecules. In addition, the possible large porous structures (**P1** as an example shown in [Figure S30](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)) are not stable to support the backbone of the crystals. Otherwise, it will collapse.

The DFT LUMO energy levels are −3.67, −3.68, −3.69 and −3.68 eV for **P1**--**P4**, respectively, while the HOMO energies varied from −6.15, −6.13, −6.08 and −6.06 eV in this series. Expectedly, the HOMO and LUMO energy levels of **P1**--**P4** are 3-fold degenerate, as illustrated in [Figures S31 to S34](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf). The electron densities of the LUMOs are mainly located on the TQ and pyrazine units. As we expected, the electronic communication along the system are blocked by the pyrene unit. This, however, is not true for **P1**. There, the LUMOs are delocalized also on the pyrene unit in two of the arms. The major change upon elongation is in the HOMOs. From being delocalized over the outer part of the arms in **P1**, they move toward the core in **P3**, thereby extending the degree of delocalization. In spite of this change, the energy of the frontier orbitals is affected very slightly from extension of the size. The calculated electronic absorption transitions of **P1** are shown in [Figure S33](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf).

The experimental absorption profiles of **P1**--**P4** in THF (10^--6^ M) are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. There are three bands in the spectra, corresponding to β, ρ and α band, respectively, which agrees with Clar's nomenclature in the polycyclic aromatic hydrocarbons (PAH).^[@ref45],[@ref46]^ The first bands in the UV--vis spectra originate from the π--π transition, and the second bands can be attributed to the n−π transition of the conjugated aromatic backbones.^[@ref47]^ From **P1** to **P4**, small red-shifts are observed, which are similar to our previous results in linear graphene nanoribbons^[@ref25]^ and agree with the computational result ([Figure S33](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)). The third bands in **P1**--**P4** can be assigned to the 0--1 and 0--0 transitions.^[@ref48]^ Because of the range of conjugation, the intensity of the β band in **P1** is stronger than that of the other two bands, while as the length increasing for **P2**--**P4**, the intensity of the ρ band is stronger than that of the β and α bands in **P1**, and the intensity increase from **P2** to **P4**. There are four peaks in the ρ and α band, and the peaks are slightly red-shifted from **P1** to **P4**. The TD-DFT calculations show that the transition from the α band of **P1** corresponds to charge transfer from the pyrene-N-doped acene core of the molecule to the three terminal TQs ([Figure S34](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b01082/suppl_file/ja9b01082_si_001.pdf)). The first two transitions of the ρ band originate from exchange of electron density within the arms, either within the TQ units or from pyrene to them. The onset absorption of **P1**--**P4** is 620, 623, 629 and 633 nm, respectively, which are similar to the DFT calculation results, and the corresponding energy gaps of **P1**--**P4** are 2.00, 1.99, 1.97 and 1.96 eV, respectively.

![UV--vis absorption (10^--6^ M, solid lines) and fluorescence emission (10^--6^ M, dash lines) in THF and (b) the cyclic voltammograms of **P1**--**P4** in an 0.1 M *n*-Bu~4~NPF~6~ solution in THF at a scan rate of 100 mV s^--1^ with ferrocene (ferrocene peaks are marked with purple stars, and occur at positive potential) as internal standard.](ja-2019-01082z_0002){#fig2}

The normalized photoluminescence (PL) spectra of **P1**--**P4** in THF (10^--6^ M) are shown as the dash lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a. Similar emission profiles that have a maximum emission (614 nm for **P1** and 617 nm for **P2**--**P4**) and vibronic shoulder peaks (654 nm for **P1**, 667 for **P2**, 670 for **P3** and 671 nm for **P4**) are observed in **P1**--**P4**. Remarkably, the emission bands of **P1**--**P4** expand into the NIR region, up to 850 nm. Because of the rigid 3D conjugated backbones, small Stokes shift of 23, 24, 21 and 19 nm for **P1**--**P4** were observed, respectively, which are smaller than that of their linear counterparts, and agrees with their higher rigidity of 2.5D structures than those of their linear counterparts.^[@ref25]^

The cyclic voltammetry (CV) curves of **P1**--**P4** in THF with tetrabutylammonium hexafluorophosphate (*n*-Bu~4~PF~6~) as electrolyte (0.1 M) are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. In the negative direction, two quasi-reversible reduction peaks are observed. The onset voltages of the reduction peaks are −0.81, −0.78, −0.75 and −0.72 V for **P1**--**P4**, respectively. The corresponding LUMOs are −3.97, −4.01, −4.04 and −4.08 eV for **P1**--**P4**, respectively. Though the electronic communication is usually blocked by pyrene, the LUMO energy levels slightly decrease from **P1** to **P4**, which agrees with the DFT calculations. All of these data are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Photophysical and Electrochemical Data and B3LYP/6-31G Energy Levels of **P1**--**P4**

  compd    λ~abs~^0--0^ (nm)   λ~onset~^0--1^ (nm)   *E*~gap~ (eV)[a](#t1fn1){ref-type="table-fn"}   λ~em~ (nm)   *E*~onset,red1~ (V)[b](#t1fn2){ref-type="table-fn"}   EA (eV)[c](#t1fn3){ref-type="table-fn"}   *E*~LUMO,DFT~ (eV)   *E*~HOMO,DFT~ (eV)
  -------- ------------------- --------------------- ----------------------------------------------- ------------ ----------------------------------------------------- ----------------------------------------- -------------------- --------------------
  **P1**   591                 618                   2.00                                            614          --0.81                                                3.99                                      --3.67               --6.15
  **P2**   593                 623                   1.99                                            617          --0.78                                                4.02                                      --3.68               --6.13
  **P3**   596                 629                   1.97                                            617          --0.75                                                4.05                                      --3.69               --6.08
  **P4**   598                 632                   1.96                                            617          --0.72                                                4.08                                      --3.68               --6.06

Estimated from absorption onset.

Measured in *n*-Bu~4~NPF~6~ solution in CH~2~Cl~2~ with a scan rate of 100 mV/s, and ferrocene as internal standard.

Estimated from *E*~onset,red~, and energy of Fc/Fc^+^ is assumed at −4.8 eV relative to vacuum.^[@ref49]^

In conclusion, three-dimensional pyrene-fused *N*-heteroacenes with a size approaching 11 nm were designed, synthesized and fully characterized by ^1^H, ^13^C and 2D NMR spectra, MS, UV--vis, PL and CV. These 3D NRs possess low LUMO energy levels and are investigated by DFT simulations. Our results provide the perspective of 3D pyrene-fused *N*-heteroacenes obtained by organic synthesis for the promising application in organic electronics and energy conversion.
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